E[ﬂﬂﬂ[ [A MAES//A[ ¥ FLIGHT

— 1)y —-

NASA TM X~50, 083
N6S 82654

SPACE
CENTER

HUNTSVILLE, ALABAMA

September 30, 1960 © M-NN-M-G&C-7-60

STUDY OF A
SIMPLIFIED ATTITUDE CONTROL SYSTEM
- FOR A 24-HOUR SATELLITE

By

John Webster
and
David Schultz

NOTICE
This document was prepared for NASA
internal use, and the information con-
tained herein is subject to change.

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION



e S

September 30, 1960 M-NN-M-G&C~7~60

STUDY OF A
SIMPLIFIED ATTITUDE CONTROL SYSTEM
FOR A 24-HOUR SATELLITE

By: _ % 7 and Dawi M. M"‘%
n Webster David Schultz
Senior Epgineer Senior Engineer

Chrysler Corporation

Prepared By: : Illustrations By:
WE. Davis Laura Smith
Technical Writer Illustrator

OFFICE OF THE DIRECTOR
GUIDANCE AND CONTROL DIVISION




ABSTRACT

This document describes and defines a simplified attitude
control system for a 2l-hour satellite to be placed in an equa-
torial orbit about the earth. Efforts are made to establish
operating characteristics for a generalized and theorstical
satellite. Use of a theoretical satellite, without the re-
strictions of fixed configuration, permits the mathematical
determination of the satellite's behavior and orbital tendencies.

The theoretical vehicle under study uses a three-axis
flywheel-control system for attitude control. Roll and pitch
reference is obtained from two earth horizon seekers. The sun
1s used for yaw reference. In addition to attitude control,
orientation of solar cell banks for optimum sun energy trans-
fer is included.

This document will endeavor to define and evaluate a
theoretically workable system capable of maintaining both
attitude control and solar-cell-bank orientation for a 2L-hour
orbit equatorial satellite.
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INTRODUCTION

This report is the result of a study made on a simplified
satellite control system. For any study of this type, certain
basic assumptions must be made on which theoretical conclusions
can be based.

Assume then, that a satellite is placed in a 2li-hour equa-
torial orbit about the earth. The assumed satellite would use
a three-axis-flywheel-type attitude control system obtaining
its pitch and roll attitude stabilization by sensing the earth's
horizon. Yaw attitude is obtained by referencing the sun.

Because of similarity to the previous "Three Axis Study of
A Flywheel Type Attitude Control System", frequent references
to this report will be made.

Since the most practical power source for such a satellite
would be solar power, provisions are included to use the sun's
rays and solar cells for this purpose. Two banks of solar cells
are oriented toward the sun at all times, in order to obtain
maximum energy transfer. Theoretical considerations indicate
a relatively simple comtrol system could be designed to sense
and keep the solar cell banks oriented toward the sun.

With these factors in mind, mathematical analysis of the
entire system can be undertaken.

DEFINITION OF ORBIT AND REFERENCE COORLUINATES

The assumed satellite is launched into a 2l=hour equa-
torial orbit. To locate the satellite's orbit with respect to
the earth, a set of reference coordinates must be defined. The
2li=hour equatorial satellite is a special type of orbit. The
satellite lies in the earth's equatorial plane and it orbits
the earth at the same rate as the earth rotates. It may there-
fore be seen that the satellite would remain seemingly fixed
above a given subpoint at the equator.



The rotating reference axes X, Y, and 4, as illustrated in
Figure 1, maintain constant rotation relative to the space-fixed
reference frame {, 7, and y. At the vernal equinox, the {-
axis is directed toward the sun and the { , y-plane lies in
the orbital plane. The orbital rotational angle § is about
the 7)- axis, thus maintaining alignment of the 7 and Y axes.
This relationship can then be expressed as:

Xllcosfl o -sinf) ¢
YI=f O I 0 7
Z| lsinfl o cos Ul y

Consider X, ¥, and Z to be vehicle fixed axes aligned with
the vehicle's principal axes. Figure 2 illustrates the three
rotational angles which are defined in the following sequence.

1. ¢ is a counterclockwise rotation about %,
(YAW) re-orientating the body axes from X and Y
to X! and Y‘ respectively.

2. @ 1s a counterclockwise rotation about_ Y'
(PITCH) re-orientating the body axes from Z and X',
to %' and X,respectively.

3. y 1s a counterclockwise rotation about X
(ROLL) re-orientating the body axes from Y' and 2',
to Y and Z,respectively.

Thus the body-fixed axes may be specified as

1.2
K .cosd;cose singhcos& sinf ]
P . i . . . esi
b ez i v
= ; 12
HlkE g~ ralad




Substituting l.l into l.2 gives

1.3

%] [ cospeosBeosQ singpcosd -cos¢pcossinl 1ie]
-sinGsin{) -sin8cos{)
cospsinOsimyrcosfl singsinGsinys singpcosyrsin{d

Yl=| -singpcospcos{l = +cosgpcosy -cosghsinGsinysinQ) |19
+cosOsimrsin{l +cosBsimjrcos§)
cossinfcosyrcos) singpsinBcosys cosBcosyrcos§2

Z| | +singsinycosf) -cos¢hsiny/ - singbsinysin) y

L | | +cosBcosysin{l ~ ~cospsinGcosysin{d || |

This matrix orients the satellite's body-fixed control
axes to the space-fixed axes and includes the orbital rotation

angle‘Q.

The orientation of the solar cell banks must now be examined.
These solar cell banks are geometrically considered to be rec-
tangular parallelepipeds. Consider axes a, b, anc ¢ aligned with
the principal axes of the splar tanks and b always alizned along
the vehicle's Y axis_which is the vehicle pitch axis. The servo-
drive angle A about ¥ will then specify the orientation of the
solar banks relative to the vehicle. This is illustrated by
g igure 3.

Thus
1.4
al | cosA 0 s\ {I X
bl|4 o0 | o Y
c| |-sinA 0 cosA | Z




This expression defines the solar bank orientation with
‘respect to the body-fixed axes.

Substitution of Matrix 1.4 into 1.3 gives the complete
specification of the solar banks relative to the space fixed
reference frame.

1.5
[ ] [ (cosgpcosBcosQ singhcosBcosh (cosBcosyrcos§d ]
~sinGsin{))cosh +(singpsinBcosys -cos¢psinGcossin{)
a| | *coscpsinGcosyreossd -cosebsinylsink -singbsinpsin{2)sin\ 4
+singsimyrcos() Hcos¢pcosBsinS)
+cosBeosyysin{)sin\ +sinBcos)cosA

cos¢sinGsinyrcos{) singpsinGsinys singbcosysin{l

b |=| -singpcospeos{d +coshcosy +cosGsinyrcos() 7
+cosBsinysin) -cosgpsinGsinyssinf)
(sinBsin§) (singpsinGeosyy (cosgpcosOsinf)

-cospcosBcos{d)sinh  -cosgpsim)cosh  +sinBcossinh
c| | *(cosgpsinOcosicosfl  -singcosBsinh +(cosBcosyoosf ||y
ssingpsinycos ) -cosgpsinBeossin)
| ] L+cosBeosysinfd)cosh -singsingsin{lcos ||

The differential servo drive and yaw sensors are mounted
on the solar cell banks as illustrated in Figures L and 5. There-
fore, this matrix is necessary to specify their outputs,




To express the output of the yaw sensor, consider Figures 6
and 7. Figure 6 illustrates the voltage output (E) of the sensor

element as a function of the sun's incident angle ( p )e This
relationship is expressed as

E=K cos p

where K is a function of the sensing element used. The angle is
measured from the normal of the sensor plane to the incident sun
ray. ~rigure 7 illustrates the geometrical configuration of the

yaw sensor and shows the resulting yaw signal output (E,). The
output is differential and may be expressed s&s

where both E, a.nd.Ez are given by Equation 1.6.

Since the yaw sensor is mounted on the solar cell bank, the
fixed orientation of the two sensor faces relative to the solar

cell bank coordinates may be determined. Figure 8 illustrates
this relationship.

Consider axis a, to be normal to the sensor #1 face and
axis ap to be normal to the sensor #2 face. Both sensor faces
are inclined at an angle M with respect to the solar cell bank

byc-plane. If both axes ¢, and c; are always aligned along
axis c, then ” ‘ :

1.8
3 cospL -sinu  Ofja
b, |=| sinp cosie  Ofib For Sensor #|
cl| o o Hle



And

1.9
G,| | coss sink  Ojja _
b,|=|-sinu cosp  Ofjb For Sensor #2
S, 0 0 |

If & is an axis parallel to the incident sun rays, then Equations
1.6 and 1.7 give the yaw sensor output as

{10

Es K(cosl&z,ﬁ - cos/(‘l‘I JA)

where_ [3,k is the angle between the 3,-axis and A-axis and
[ az,A is the angle between the ag-axis and A-axis.

Since Matrix 1.5 describes the relationship of the solar
cell banks relative to space fixed coordinates, the direction
of the incident sun rays (&) with respect to the same space
fixed coordinate set must now be determined. This would then
completely specify the yaw sensor output as given by Equation 1.10,

Figure § provides a pictorial representation of the necessary
coordinate systems. Consider § as the orbital angle for describing
the earth's motion about the sun. Because of the 23 1/2 degree
inclination of the equatorial plane with respect to the ecliptic
plene, two matrix transformations in terms of this angle and &
are necessary to locate A with respect to the Q,n sy=space-fixed
coordinate system. This is demonstrated by Figure 10, The first
transformation is given from Figure 10a as

K 0 o |i¢
sl=| o cos234°  sin23L°||p
cllo -sin234”  cos23%°||y

where ABC is a coordinate set such that A is aligned along C
and B is normal to the plane of the ecliptic.




The second transformation is given from Figure 1Cb as

12

cosd 0 -sindfA
Bi*] O | o]
Cllsin8 0. cosd

where & B T is a coordinate set such that B is aligned along
B and A is in the direction of the incident sun rays.

Combining Matrices 1.11 and 1.12 gives

LI3
4B ) Ollcos® o0 - sinS}|A
=0 97 39| 0 | o |iB
0o 39 o9i7|sind 0 cosd||C
or
|| cosd 0 sind ||A
7l=|-399sind 97 <399cosd|[B
y| |-917sind 399 9i7cosd ||C
If Hatrix 1.5 is re-written as
114
a dll dlz dl3 C
bl=ld,, d;, 9|7
cl|d

n 932 Ys3|| Y]

where the elemnts’dij are given by the elements of Matrix 1.5,



then
115
al |cose -sinw  of|d, d, d,] cosd 0 sind A
b= sine  cosu  Ofld, d,, d,,}f .399sind .817  :399cosy|B
gl| o 0 1||dy dyy dysl|=9I7sin® 399 .917c0s8 || T
And
16
a,| fos  sinw 0 d;. d, dflcosd 0 sind A
by|*[sine  cospt Ofldy, d,, d,[1399sind 17 <399cosd| B
Sl Lo 0 1]ldy d,, dyfi7sind 399 9i%esd ||C

Matrices 1.15 and 1,)% are derived by using Matrices 1.8
1.9, 1.13 and 1.1 and are necessary to determine angles f'ﬁ,,i
and/3d, .k, respectively.

Multiplying out only the necessary terms of Matrices l.15
and 1.16 gives

117
r 1 r 1T
cos [d" cosp—d,, sinp.]
g, 0:399$in8[d,zoosl.l.-dzzsin;.4 — — |z
- '.9I7sin8[duoosp-dusinp] ’
5, _ — s
&) | — — —J




i.18

L19

120

-1 1
.1 tosS[d“ cosp.-fdz,sinp_] -1
g, t399$in8[d,z cosp+dnsinp] — I
|- :9l7sin8[d,,cq.z.+dasin#]

-62 R - E

G - I

From Matrices 1.17 and 1.18

cos/3,,A = cosS[d" cosge~ d,,sin +.3995in8[d‘zcosy.-d22 sin,u.]
-.9175in8[ducosp.- dz;siny]

cos/a, A = cosd [d" cos +d,, s;in/.l.]*'. 399sin8[<:,2 cc;sl.d’ d, sin ;J
79l7sin8[d|3cosp.+d23sinp]

Therefore from Equation 1.10

Eg 2Ksinp [dzlcos8+(.399dzz-.9l7da)sin%




Substitution for the elements of dij from Matrix 1.5 gives

.21
E.: 2Ksin;.¢[cos$(cos¢sin95in¢cosﬂ- singpcos\cos§l+cosBsingsinfd)

+5in3 (91 7cos sinDsinysin{)-9i TsingbeosysinS =91 Tcos Gsims cos )
+.399cos¢ cos\ll+.399sin¢sin95in¢)]

This defines the desired voltage output (E ) of the yaw
sensor as a function of all variables.

If it is assumed that

.22

Eo= 2Ksinusin Ay where Ay= sensed yaw angle

Then
.23

sinA, =[(cos¢ sinGsiny/- singhcosyr)eos )+ (cos@sh\p)sinﬂ]cos 3
+ E’I 7{cosepsinGsiny- singbcosip) sin £ <917 cosBsinyicos L
+:399(cos4>costp+.sin¢sin95impisin8

For the special case of & = Q° (verna.l equinox), Equation
1.23 reduces to

.24

sin Ays (cosgpsinGsiny- singpcosyr)cos £ +(cos Bsiny)sinfl forS=0°




Reference to Matrix 1.5 shows that this sensed yaw angle
may be defined as the complement of the angle between the incident
sun rays (f-axls since §= 0°) and the b-axis of the solar cell
bank, This justifies the imtroduction of Equation 1.22.

The angle 8 describes the changes of the yaw sensor output
as the earth orbits the sun. Note that for & = 90° (sumer
solstice) the expression for the sensed yaw angle becomes

.25

shA;.SlTbosgﬁsinOshw-sin¢cos¢)sinﬂ-.9l7(ccsesim[l)casﬂ
1.399(cospcosy +sincpsinGsing) for 8=90°

Comparison of Equation 1.25 with Equation 1.2l shows that
there is an effective phase shift of 90° for the reference point
of {) and’'that there is an added bias term of .399(cos@ cosy
+singsinB@siny ). For ¢, 8 andy small, this bias term becomes
the constant value of ,+399 when = 90°, By then defining a
new reference angle {) such that

.26

Q=900+’ for 8= 90°

Equation 1.25 may be re-written as

127
sin A .937(cns¢sin6sanw-sin¢cosq,)cosn'-hscmosesw)sinﬂ'
+.399(cos¢h cosyp+singpsinGsiny) for 3=90°

If Equations 1.27 and 1.2} are now compared, they are found
to be quite similar, especially if the bias term is removed by
biasing the yaw sensor an equal but opposite amount. This biasing
may be accamplished either by using an internal time reference
or by control from a ground station. The only differences then
are the .917 attenuation term and the effective phase shift of
the §l = O° reference point. As far as the vehicle's attitude
relative to the earth is concerned, this reference phase shift




is ignorable. Therefore, by using bias and increasing the gain
as a function of & , equation 1.2} may be interpreted as valid
for all § such that 0< 8 € 90°. With similar reasoning and
including the bias and gain increase considerations, Equation
1.2 may be extended to apply for all values of 8 . Thus,

.28

sin A, =(cosgpsinBsiny- sincheosyicos l+cosBsiny) sinf) for ot 8

where as a function of & the necessary steady-state bias term is
given by (Ay Jpigs™ +399sin & and can be subtracted from the
sensed yaw angle.,

As in the previous progress report, the sensed pitch angle
is the complement of the angle between the Z-axis and the X-axis.
The sensed roll angle is the complement of the angle between the
Z-axis and the Y-axis. Using a direction cosine matrix comparison
with Equations 1.2, these sensed angles may be written as '

1.29

A=-6 where Ap= sensed pitch angle

sin A = cosBsinys where A = sensed roll angle

Therefore the complete expressions for the sensed attitude
angles become

1.30
sin A =(cos¢bsinGsinys- singpcosyicosL+sinA, sin{)
Az~
sin A=cos Gsinys

Even though the use of bias and gain increase for the yaw
sensor removed wwanted terms in the control loop, there will
still be a power loss from the solar cell bank as a function
of . This is because the incident sun rays do not remain



rerpendicular to the solar banks as the earth orbits the sun.
Since the maximum voltage loss is less than 9%, there will be
a maximum power loss of approximately 163 occurring at the

8 =90° and 8 = 270° points (summer and winter solsticere-
spectively). When § = 0° or § = 180° (vernal and autumnal
equinox) the sunlight is again perpendicular to the solar banks
and full power output of the solar cells can be achieved.

Observing Equation 1.30, note that the sensed yaw angle
(Ay) is independent of the servo-drive-loop signal ( A ). Also,
both pitch and roll sensed angles (Ap and A, ) are independent
of the angle ¢ which is always about the Z-axis (local vertical
axis). Pitch and roll angles are also independent of the orbital
angle of revolution ( 8 ). This is a direct consequence of the
defined sensor angles.,

The expression for sensed vehicle yaw ( Ay ) presents some
interesting cases. First consider {l= 0° as illustrated by
Figures 1 and 4. Then from Equations 1.30

1.31

sinA; cosghsinGsiny/- singcosyy for )=0°
which for small angles (i.e. all angles —» 0) reduces to
.32

ArBy-¢ for )=0°

This shows that the sensed yaw signal is primarily ~-¢ 5 since
for small angles ¢>>8y. Vhen the pitch and roll charnels are
nulled, this becomes exact and

L33

As-¢ for )=0°
6=y =0

13



Next consider the case for ) = 90°. This condition is
illustrated by Figures 1 and 5. Then from Equations 1.30

1.34

sinA=sin A, for £1=90°
RYAE AN

For this condition all sensed vehicle roll is coupled into the
yaw control loop causing yaw rotation about the Z-axis. This
represents a state of confusion since the yaw sensor is unable
to see the vehicle yaw rotation and as a result there is no
yaw control for £)= 90°.

when §l= 180°, Equation 1.30 shows that

.35

sin A = ~cos psinGsiny +sinpcosy for ) =180°

liote that the polarity sense of A, in Equation 1.35 is the nega-
tive of that in Equation l.31l. This polarity inversion occurs

as soon as ) exceeds 90° because of the cosfl term in Equation

1.30. Consequently ¢ is controlled to 180°, X is controlled to

=X, ¥ is controlled to =Y, and 7 is controlled to +Z for this yaw
polarity inversion. This shows, then,that the vehicle must rotate
180° about the Z-axis after{) exceeds 90°.

when §)= 270°, the yaw expression in equation 1.30 reduces
to

1.36
sinA y-—cosfsingr=-sinA_ for {l=270°

LB,




For this condition of £)= 270°, any sensed vehicle roll is
negatively coupled into the yaw control loop causing yaw rotation
about the i-axis. This also represents a state of confusion
caused by the absence of yaw control at §) = 270° . For the same
rotation caused by the roll disturbance, Equation 1.36 is of
opposite sign to Equation 1l.34. Thus, after the vehicle passes
the {1 = 270° point, there must be another 180° rotation about
the Z-axis. Therefore,¢b will again be controlled to O° and X,
¥,Z, controlled to XYz until the §)l= 90° point is again reached.

The development for the servo-drive-sensor output is similar
to that for yaw sensor output. The sensing element and geometrical
configuration are again given by Figures 6 and 7,respectively. The
relationship of the sensor relative to the solar cell bank is given
by Figure 11. Let I} and !} be perpendicular to sensor #1 face
and sensor #2 face,respectively. Both sensor faces are inclined
at an angle u' with respect to the solar-cell-bank b,c-plane. If
both axes B! and b} are always aligned along axis b, then

.37
a,’ﬂ reosp’ 0 —sinp’ o
51| o | o Ils]  Fom smisor #
-c':': -siny.' ) cosy’ ¢
And
1.38
AT ! o
| | COSL o) sin |l a
by [+ © ! ° I® FOR SENSCL #2
il [ 0  cosp!fj e

L
i
r
L

15
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Now Equation 1,10 is also valid for the servo-drive-sensor
output.. In order to determine the necessary angles, the following
matrices are written

.39
C-iﬂ cos’ 0 -s!nyJ d, dp dufl °B8 O snd A
BI' o | 0 ||d, dp dylf 399508 97 =399cosdliB
LE" sing 0 cosp]ldy dy, dyf| -9ITENE 399 .91%0sS |[T
And
1.40
o . . ,
'6; cos' O sing'[ld, d, d,|l cosd 0 sind® A
Bl O 1 o di. dyy 4| 300508 917 :39%c0sd
g L-sinp.' 0 oosp.'. | dy, dgp Oy 0NN 399 9iosd (€

where again the dy 4 elements are given by Zquation 1.5, §is
the earth's orbital angle about the sun, and X is the direction
of the incident sun rays on the sensor elements.

Multiplying out only the necessary terms of Equation 1.39

gives
| 141
-1 -
cosS[d“cosp'-dmsinp'] .
gi" +sin8@99(dncosy.’-da siny.') —_— — |lA
) —.9|7(d,aoosy.'- d“‘sinp. ]
B! — = — s
g C— — — |
L J L .




7

Replacing u' with -u' in Equation 1.41 also solves Matrix
1.40 giving )

142

cosﬁ{d“ cosy '+d3|sin/.l.']
-i—sir.8{399(d,2 cos;z."l-dusinp') — — &

ol

-:9IT(ducos/J.'+d”shp')]

nTL
| @i

01
()

N
4

L

¥
[

L4

_ Thus Hatrices 1.4l and 1.2 give the angles /a!,.X and
Zag' » A, respectively,
Substitution of these angles into Equation 1,10 with the

replacement of a! for a, and a' for &, gives
2 2 I 1

.43
€gK[oos/GA -ooe [3/A]
=K[oosS(d" cosp’ +dysi n;l.')+sin8{.399 (d cosp’+dy,sin)

-:9!7(d”cosy.'+ d,, sin ,u.'}- cos3(d, cosp’-d,, sinu')

-sin 8{399(d|z cosr’-d,, sinu')-917(d,, cosp'’— d,, sin/.l.')B
Collecting terms in Equation 1.43 gives
1.44

Eg2Ksiny’ [ds,oos8+.399da sin3—917d, sin 8]
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Finally, substituting the values djj from Matrix 1.5 gives

1.45
E,= 2Ksinp' [cosS{(sinBsinQ—cos ¢cosBeos Q) sink+(cospsinBoosycossd
+sln¢sin41cosﬂfcos9ms41slnﬂ)cosk}
+sin8{399(—sin¢oas@sin)\+sin¢sln@oos\}rcos)\-cos¢simpcos)\)
-917(cos¢pcosfsin L1+ sinBeos sink-.917icosBeosycos
-cosgpsinGcosy sin§d- singp sinysin ) cos
If it is again assumed that
.46
Eg2Ksing'sin A)\ where A;the sensed servo drive angle
Then for § = 0°,
.47

siny = coscpsinBcosyrcosleos A +sinsimprcaslcos A
+cosecosxpsinﬂcos)\+sm0smﬂsm)\— coscpcosBeos Sl sink

Or

sinA N oos{l[cos¢sin9cos\poos k+sin¢simpeos)\-cos¢cosesh)\]
+sinﬂ[cos@cosvycos)\+sinesin)\]

With similar reasoning as that for the sensed yaw angle (A, ),
Equation 1,47 can be extended to be valid for all 8. The use of
bias is, however, not necessary since all te gms in Equation 1.45
multiplied by the factor +399 vanish as and ¥ are nulled.

, As the vehicle orbits the earth, it has previously been
shown that there are two values for the ¢ nmll position.




For -90°< §) < + 90°, ¢ is comtrolled to 0°
For +90° < )< 270°, ¢1is controlled to 180°.

A In addition, if both @ and ¢ are set equal to zero, Equation
1.47 separates into -two cases, v »

1.48
CASE I  sinA =sin{lcosA-cosQsin\
siriA;sin(.Q.-X) for -90°<{l<+90°
Af Q-x : and ¢p=8= y=0°

case 1I sinA)fsin.Q.cosX+ cos{sin\ for +90° << +270°
sinfA, =sin(180°~ Axhsin(ﬂﬂ) and ¢ = 180°

' B,=180°-(S2+) Gey = 0@

In order to null the sensed servo drive signal, these equations
show that the control loop must enforce

1.49
case I A0 A0 for -90°< £ < +90°
and ¢=0:\p=0°
. case II A=180°-§) -.Q | for 90P<f{l<270°
and ¢ =180°
e:w:o"

It is then evident that the solar cell banks are driven at the
same rate as the orbital angular velocity for -90° < {) < + 90°,
However, when 90°< ) < 2709, the velocity of the solar cellbanks
changes sign. In this interval, the solar cell banks are driven
at a rate equal and oprosite to the orbital angular velocity. This
velocity reversal is automatic since there is a 180° phase shift

19
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of the sensed servo-drive signal each time the vehicle rotates
about a confusion point. For steady-state nulled conditions, the

relationship of the solar bank coordinates (a,b,c) to the vehicle
axes (X,Y,Z) as the vehicle orbits the earth is illustrated by
Since sin\ = sinf) for steady-state operation, A may

be used to resolve the yaw and roll signals as the vehicle orbits
the earth. This is developed in the conclusion of this report and
gives the sensed yaw signal priority over the sensed roll signal
on both sides of the "confused" yaw sensor positions ( §) = 90° and
£ = 270°).

As shown by the previous progress report, the components of

the general instantaneous-vehicle-angular velocity @ referenced
to the moving vehicle axes X, 1, and 4 are

.50

w, = wiﬂil-&slne
W, = wy = ¢eosBsinys+Bcosy

W = wz = PeosBeosy—Gsiny

Also developed in the same report were the angular velocity
equations,including the orbital velocity as

1.5l
w, = = sin@+ S sincfcos

w, = oos\p + peosBsing+ Q(sin(ﬁsinesinw +coscpcosyy)

wy =4;cosecos Y- ésimp+fl(sm¢ sinBcosy/- cospsiny)

where wyp, w,, and are the rotational velocity components
about the bodygfixed control axes.



The sensor outputs and the angular velocity components have
peen expressed in terms of the three independent-rotational angles
$, 8, and § and the orbital position angle §1. These will be
used later to develop the complete torque equations.

As mentioned previously, each solar cell bank is considered
to be a homogeneous rectangular parallelepiped as shown in Figure
13. With reference to Figure 13, let m be the mass of each solar
cell bank. As introduced previously, a,b,c is an orthogonal
coordinate set fixed in the solar cell bank and aligned to the
bank's principal axes with b aligned along the vehicle fixed
Y-axis. Let d be the distance between thre X and a axes. Consider
liy 12, and 1s to be the dimensions of the solar bank as illus-
trated. Lefine Iy, I, and I, to be the principal moments of
inertia of the solar cell bank along a, b, and c, respectively.

Thus,the moments of inertia can be written as

152
_ m(I:-l-I:)
Lh=—z
m(lf+l:)
12
) miif+13)
=z .

Defining I;, I, and I3 to be the total moments of inertia
of the vehicle and both solar cell banks referenc‘:ed. to the
vehicle axes X, Y, and 4,respectively, and considering the a-
axis aligned in the X-direction gives:

153
1, » 1,+2(1,+md®)
L = 1pt2lly - for A=0°
2
L= 'y+2“c +md’)

where Iy, Ip, Iy are the moments of inertia of only the vehicle
about the roll, pitch and yaw axes, respectively.
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After the solar-cell bank has_rotated S0° (i.e. A= 90°)
the a-axis is then aligned to the Z-axis direction,and the
equation becomes

1.54
L = L+2( +md®)

L= Iy+20) : for A=90°
_ 2
L= I+al, +md”)

Bquations 1.53 and 1l.5L4 portray the maximum variation of
inertia about the vehicle's principal axes caused by the solar-
cell-bank rotation. Note that I, (the moment of inertia along
the Y-axis) remains constant, but there is a continuous inter-
change between Il and I, as the bank rotates. This interchange
is caused by the difference between I, and I, as described by
Equations 1.52. .

These equations also indicate a preferable configuration
for the solar bank in order to minimize this inertia change.
This would be accomplished by making |, large with respect
to both || and I,,thus making the difference between Iy and
I, small. .

Since the angle X can be instrumented, this variation in
inertia could be continuously compensatec by gain changes.
Whether or not this is necessary depends upon the magnitude of
these inertia variations.

The torque expressions derived in the previous progress
report merely need modification of the moment of inertia
quantities in order to contain inertia variations shown by

Fquations 1.53 and 1.5, These changes are shown by
.55

R —1'_.5'.- wpwy (=L dp“’yl.-.-'d y@plp+ 9, +0;

Dply = ~Tedptwy w1y =1)-8, w, Ltay w I+ 3+,

dyly= 1w ol [ Ha @, Te=dp It 9y * Dy
where I,, I,, and I are varied parameters,with maximum deviations
given by Equations 1l.53 and 1.5L. Ic is the flywheel moment of
inertia; & is the indicated flywheel speed and & is the indicated

flywheel acceleration. The indicated J and D terms-are jet and
disturbance torques.




The servo-drive loop is considered to be slow relztive to
the vehicle attitude-control system. Therefore, the vehicle
roll and yaw cross~coupling disturbances (because of the solar
bank's rotation) may be neglected. Thus the servo-drive torque
disturbs the vehicle only about the pitch axis. Since friction
is an internal loss, only the acceleration of the solar-cell
bank by the servo-drive system will provide vehicle pitch
disturbance. Adding this acceleration term to Equation 1.55
gives

156
wpl,=-1.a rwpWyl, 1)+ &p nyF-d y ot 910,
wpl=-1 plghw, w A1) -a, wylmewrl';zleJ;Dp

wyl; -IF ay-wr leZ-I, J+a, awp IF*-apwr IF+ Jil»Dy

This equation formulates the complete torque expression.

CONCLUSIOR

Previous mathematical equations and explanations have
defined a theoretically workable control system for a 2l-hour
satellite in an equatorial orbit. &Since the sun is used for yaw-
reference, there are two confusion poinmts( §) = $0° and §1l= 270°)
at which yaw control is lost. Therge is also a yaw reference
polarity reversal at these two points so that the vehicle must ro-
tate 1800 about its yaw axis each time a confusion point is passed.
Because of these vehicle rotations, the solar banks never rotate
more than 180° as they are contimuously driven to face the inci-
dent sunlight. Therefore, in order to transfer the solar-cell
genersted power into the vehicle, direct interconnecting wires or
cables may be used. This can be an advantage, since if the solar
banks had to continuously rotate, some type of slip ring arrange~
ment would have to be used, resulting in moving parts subject to
vear,

The major disadvantages resulting from yaw-referencing
the sun are the yaw-sensitivity decline and roll-coupling incresse
into the yaw sensor as the confusion points are approached. Ref-
erence to Figure 1l will reveal both the yaw-sensitivity decline
and the roll-coupling increase into the yaw loop as the ()= 90°
confusion point is approached. In order to improve yaw-control
sensitivity for normal steady-state operation, an investigation
of compensating networks was made. This investigation produced
a roll-coupling rejection and sensor-gain-compensation network
which is illustrated by Figure 15. The resolving network is
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based on a function of solar-bank-axle angle A which is an avail-

able input and for steady-state operation is equivalent to the

satellite's orbital angle ) . Aissuming steady-state conditions
and small angle disturbances, Zquation 1.28 may be recuced to

1.57 .

AYRTVAN cosf) + A sin{) where  sinA R A

and sinA SA,

y )deslred

If the sensed roll signal A/is now multiplied by sinA
and subtracted from Equation 1.57, the roll coupling into the
yaw control loop is effectively rejected assuming either A=
or A= (180° - {l). However, the desired yaw signal (A )yecreq
still falls off as a cosine function of .&. Thus,to keep %Txe
yaw sensor gain relatively constant as the §l= 90° confusion
point is approached, an implicit resolving loop may be used to
provide yaw gain compensation. This compensating loop is also
illustrated in Figure 15 where the final yaw output signal may
be expressed as

Al = KA(AY)desired o

y
|+ KAcos)\

The constant value hj represents the amplifier gain. As this
gain becomes very large, Ay— ( Dy ) ipeq for all §) assuming
steady state conditions. Equation l.Sgeis a&so plotted in Figure
1L as a relative yaw signal gain for the value of K arbitrarily
equal to 20, This shows that the compensated yaw gain is rela-
tively flat as the satellite approaches the {} = 90° point and
the gain is still in excess of 60% at % 5° on either side of
this confusion point. '

Figure 16 is also included to illustrate the amount of gain
‘compensation for K = 20, Of course,no amount of compensation
can result in sensed yaw signal at the confusion point, since
the amplifier gain cannot become infinite. This represents an
appreciable improvement in yaw sensitivity, however, since the
area of yaw control loss in the control system is reduced to a
space of only approximately 10° at each confusion point. An
optimim value for K; would of course depend upon the satellite's
mission specifications concerning yaw gain as a function of ) .




The primary requirement for "tight" yaw comtrol is to
properly orient the jet thrust vector when the satellite's
orbital velocity must be changed. This velocity change might
become necessary for either a desirable orbital maneuver or an
orbital velocity correction caused by jet thrust errors.

Assume the satellite to be in the 24-hour equatorial
orbit and it becomes desirable to shift its position from one
point to another over the earth's equator. This shift in
position is started by either increasing or decreasing the or-
bital velocity of the satellite through the use of some type
of jets. The satellite's orbit is now elliptical., After a
specified number of revolutions and,when the satellite is over
the desired point on earth, an equal and opposite jet thrust
must be applied in order to circularize the orbit again. If
the satellite is to remain in the equatorial plane,the jets
must be properly oriented. Therefore,any changes in orbital
velocity should be made only while tight yaw control of the
vehicle is maintained. Use of roll-coupling rejection and yaw
gain compensation as explained earlier reduces the areas of
yaw confusion to about X 5 degrees on each side of the confusion
points ( £ = 90° and £ = 270°). This gives approximately two-
10 degree areas of confusion lasting for 4O minutes each. Of
course these areas may be reduced by increasing X,.

Any changes in orbital velocity of the satellite at any
point other than the two confusion areas would present no
control system problems,since both the yaw gain and sensi-
tivity are high. It must be presumed,though, that it could
become necessary to initiate orbital changes or velocity
corrections while the satellite was within a confusion area.
In this area, yaw control is not only poor, but the vehicle

“must rotate 180° about the yaw axis because of the yaw-reference
polarity shift at the confusion point. Therefore,it is not
advisable to fire the Jjets for orbital velocity change. How-
ever, if conservation of jet fuel or optimization of orbital
change{with respect to time) dictates that the jets must be
fired within a confusion area, the same effective result can
be accomplished. Theoretically,this is possible by applying
two jet thrust vectors which have an equivalent thrust re-
sultant at the desired point within a confusion area,

Thus, an effective orbital change at a confusion point
can be produced by properly firing jets just prior to and
immediately after the satellite passes a confusion area.
It may then be seen that orbital velocity changes can be
accomplished at any point in the satellite orbit.
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As mentioned previously, the satellite must rotate 180
degrees in yaw at each confusion point ( §) = 90° or §) = 270°)
or once every 12 hours, This can be a controlled maneuver
energized by a limit switch when the solar banks reach their
maximum angular travel. With the assumption that the yaw loop
does not become fully effective until 5 degrees beyond the
confusion point, the vehicle's yaw angular velocity must be
180 degrees in 20 min. or .15 deg/sec. If a jet pair is fired
at each confusion point to impart an angular impulse resulting
in an angular velocity of .15 deg/sec., the yaw sensor will be
properly aligned to its reference when the yaw loop becomes
fully effective,

For steady-state operation the solar banks must rotate
1380 degrees in 12 hours or its angular velocity musl be
.25 deg/min. Therefore, the solar bank drive loop can be
relatively slow compared to the vehicle-attitude-control
system. As mentioned previously, this is an advantage from
the standpoint of minimizing vehicle disturbance because of
solar-bank rotation. To always insure a relatively slow
solar-bank drive loop, velocity limiting can be used. By
using a proper amount of gear reduction between the drive
motor and the solar-bank axle, a limited value of Xmax
will result when the motor reaches maximum speed. This is
illustrated by Figure 17 with Amax arbitrarily equal to
1 deg/min. A limit switch is also shown to limit the maxi-
mun angular travel of the solar banks to =90° < x< S0°.
Also included is a tachometer feedback loop in the event
that the motor back emf does not provide the desired loop
damping e

Figure 18 gives an overall attitude-control-system
block diagram less the complete jet back-up portions for the.
pitch, roll and yaw channels. All the previously mentioned re-
jection, compensating, and limiting networks are included. As
an optional feature, a switch controlled by A is shown as an
input to the yaw gain compensation amplifier. Thus,the yaw
gain may be switched to zero in the regions of yaw confusion
although,theoretically, this is not necessary since the gain
must fall to zero,as illustrated by Figure llk.

As developed in the previous progress report, it was

shown that the angular momentum stored in the yaw and roll fly-
wheels of the conmtrol system must be continuously exchanged at
a frequency of one cycle per day. This is because of the con-
trolled rotation of the satellite about its pitch axis as it
orbits the earth every 24 hours. Since the satellite under
consideration in this report has this same controlled rotation,
its yaw and roll flywheel speeds must also vary sinusoidally
with a 90° phase relationship., However, at the two confusion
points, when the vehicle rotates 180° about the yaw axis, there



must also be a polarity shift in both the pitch and roll flywheel
speeds because of the yaw rotation. Figure 19 illustrates a
typical momentum exchange for the yaw, pitch and roll flywheels
over a 2l hour interval. This illustration assumed no external
disturbances and was plotted for initial flywheel speeds of

2,000 RPM, 1250 RPM and O RPM for yaw,pitch and roll,respectively.

The transients in the flywheel speeds during the periods of confusion
(denotea by the shaded areas)are not shown.
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M-DIR  Attention: Ir. Rees

M-FUT  Attention: Ur. koelle (2)

M=ABRO-DIR Attention:
HM=RP-DIR Attention:

M=-G&C-DIR  Attention:

=N Attention:
-NC Attention:
Attention:

=NS Attention:
-8 Attention:
=M Attention:

Dr. Geissler
Dr. Stuhlinger (2)
Dr., Haeussermarm (2)

Mr. foore
i#ire. Drawe

ilr. Kemnel (3)

Mre. Taylor
Hr, Digesu
Mr. Boehm

Mr,., VWebster
Mr, Schultz

47




